ABSTRACT Understanding the viscoelastic behavior of collagenous tissues with complex hierarchical structures requires knowledge of the properties at each structural level. Whole tissues have been studied extensively, but less is known about the mechanical behavior at the submicron, fibrillar level. Using a microelectromechanical systems platform, in vitro coupled creep and stress relaxation tests were performed on collagen fibrils isolated from the sea cucumber dermis. Stress-straintime data indicate that isolated fibrils exhibit viscoelastic behavior that could be fitted using the Maxwell-Weichert model. The fibrils showed an elastic modulus of 123 5 46 MPa. The time-dependent behavior was well fit using the two-time-constant Maxwell-Weichert model with a fast time response of 7 5 2 s and a slow time response of 102 5 5 s. The fibrillar relaxation time was smaller than literature values for tissue-level relaxation time, suggesting that tissue relaxation is dominated by noncollagenous components (e.g., proteoglycans). Each specimen was tested three times, and the only statistically significant difference found was that the elastic modulus is larger in the first test than in the subsequent two tests, indicating that viscous properties of collagen fibrils are not sensitive to the history of previous tests.
INTRODUCTION
Type I collagen is the most abundant animal protein. It is found in tendon, ligament, skin, bone, cartilage, heart valve, cornea, and other tissues (1) . Collagenous tissues usually have well organized hierarchical structures. For example, tendon has five distinct substructures, including the collagen molecule, the collagen fibril, the fibril bundle, the fascicle, and the whole tendon (2) . Collagenous tissues also contain water and ground substance (mainly proteoglycans). Improved understanding and prediction of the mechanical behavior of collagenous tissues requires knowledge of the mechanical properties at different lengthscales, the interactions between the substructures, the effect of each substructure on the overall mechanical properties, and the contributions of different phases (collagen, ground substance, and water) to the observed mechanical behavior. Though it is well known that collagenous tissues are viscoelastic (3), the origins of this viscoelasticity and mechanisms for how forces are transferred from the lower hierarchical levels to higher ones are not fully understood.
Extensive studies on viscoelastic behavior at the tissue level were reported over the last few decades. Creep tests were performed on tendons (4-7), heart valves (8), and skin (9) . Stress relaxation tests were carried out on tendons (7, (10) (11) (12) (13) (14) (15) (16) (17) (18) , ligaments (17, (19) (20) (21) (22) , heart valves (8, 23, 24) , skin (9) , bone (25) , and cartilage (26, 27) . Phenomenological models including constitutive models consisting of springs and dashpots (28) , and models consisting of simple exponential decay functions (7, 23, 25) have been used to model these experimental results. The most popular model used to explain the viscoelastic behavior of collagenous tissues is the quasilinear viscoelastic (QLV) model developed by Fung (29, 30) and improved by others (11, 19, 31, 32) . It successfully described the viscoelastic behavior of tendon (10, 13, 33, 34) , ligament (20, 22, (33) (34) (35) , and heart valve (8). Fung's model utilizes five parameters to explain the complex viscoelastic behavior of collagenous tissues and allows easy, direct comparisons among the studies carried out by different research groups and performed on different species and tissue types.
At the fibrillar level, direct mechanical measurements have only recently become possible. Atomic force microscopy (AFM)-based nanoindentation (36) (37) (38) (39) , tensile (40, 41) , and bending (42) (43) (44) tests, and microelectromechanical systems (MEMS)-based tensile tests (45) (46) (47) have been used to explore the quasistatic mechanical properties of single collagen fibrils. AFM-based studies have the benefit of using instrumentation widely available to many investigators. Nanoindentation was successfully used to investigate elastic modulus and hardness of single fibrils. Because of tip curvature, the actual loading of the fibril by the AFM probe tip is complex. It is expected that the majority of the applied force is along the fibril radial direction, with some force vectors also pointing along the axial direction. In general, we consider this technique to be complementary to the MEMS technique, with indentation providing primarily radial direction mechanics and MEMS providing primarily axial direction mechanics. Axial mechanical properties of single fibrils have been studied using tensile and three-point bending experiments, but these methods were limited to strains of only a few percent. They did not provide any strength or work of fracture data. A MEMS-based technique developed by our group was used to perform large-strain uniaxial tensile tests on collagen fibrils in air at ambient humidity (45, 46) and in vitro with specimens completely immersed in 1Â PBS buffer (47) . While our previous studies measured mechanical properties of isolated collagen fibrils such as: elastic modulus, yield strength/strain, fracture strength/strain, and work of fracture via the quasi-static tensile tests, we were unable to measure viscoelastic properties. To our knowledge, there is only one published study that provides direct evidence of viscoelastic behavior at the single-fibril level. That study was an AFM-based tensile testing study, and it demonstrated the strain-rate-dependent behavior of single collagen fibrils isolated from human patellar tendon (48) . However, it was a short case study based on only two specimens, and it did not provide viscoelastic properties such as relaxation time.
The objective of this work was to use quantitative experimental data of the time-dependent response of isolated collagen fibrils to determine fibril-level viscoelastic properties. In vitro coupled creep and stress relaxation tests were performed on eight type I collagen-fibril specimens using a MEMS-based technique (49) . By fitting the stress-straintime data to a constitutive model consisting of three springs and two dashpots (the Maxwell-Weichert model), we determined the elastic moduli and relaxation times of isolated collagen fibrils. To our knowledge, this is the first time relaxation times for isolated collagen fibrils have been measured.
MATERIALS AND METHODS

MEMS devices
MEMS devices (Fig. 1 a) designed and fabricated to perform in vitro coupled creep and stress relaxation tests on collagen fibrils were similar to those used in our previous in vitro fracture study (47) . The MEMS devices were calibrated using standard finite element analysis methods (50) . The main difference is that the force gauge beam of the current MEMS device is longer than that used in our previous in vitro fracture study (47) , 300 mm instead of 100 mm. When we designed the MEMS devices for our previous in vitro fracture experiments (47), we tried to match the stiffness of the force-gauge beams with that of collagen fibrils measured in air. We realized later that the fibrils had significantly lower modulus in vitro than in air which meant that the force-gauge beams were stiffer than desired. To improve the force sensitivity, we chose longer, more compliant force gauge beams for the MEMS devices used in the current study. The minimum force that the current MEMS device can measure is~0.05 mN, which is~1/18 of the minimum force of the device used in our previous in vitro fracture test (~0.89 mN).
To obtain stress-strain curves, it was necessary to measure fibril diameter and width. Polysilicon, the material that the MEMS devices are made of, is constructed of grains a few hundred nanometers in size. This produces a cobblestonelike surface that makes it difficult to distinguish the fibril specimen from the device surface using AFM or scanning electron microscopy (SEM). To achieve a smooth substrate, we coated the fixed pads of the MEMS devices with polyimide.
Sample preparation
Type I collagen fibrils were isolated from the dermis of sea cucumber, Cucumaria frondosa (51) . This structure has a length of several dozen microns and a diameter of 10-500 nm and is obtainable as an isolated fibril. Dark-field illumination was used to visualize fibrils in solution, because they showed very little contrast under bright field illumination. The method used to manipulate the fibrils out of solution and to fix them onto MEMS devices was the same as previously described (47) .
In vitro coupled creep and stress relaxation testing protocol MEMS devices with fibril specimens attached were mounted on a singleaxis-of-motion piezo stage (Nano-H100, Mad City Labs, Madison, WI). A sharp tungsten probe (with a tip diameter of~10 mm) attached to a mechanical micromanipulator (Series 461, Newport, Irvine, CA) was FIGURE 1 Representative MEMS device for performing a coupled creep and stress-relaxation test on collagen fibril specimens in vitro. (a) A low-magnification SEM image of the MEMS device, consisting of a fixed pad (FP), a movable pad (MP), a force-gauge pad (FGP), four anchor pads (A), four tether beams (T), a pushing hole (PH), and a force gauge (FG) consisting of two tether beams connecting the force-gauge pad and the movable pad. Compared with the MEMS devices used in our previous in vitro fracture study (47) , force-gauge sensitivity was improved by using longer, more compliant tether beams. (b) A higher-magnification SEM image of a collagen-fibril specimen attached to movable and fixed pads of a MEMS device. Note that testing was done under in vitro conditions before taking such SEM images.
Biophysical Journal 100(12) 3008-3015 placed in the pushing hole ( Fig. 1 a, PH) holding the movable portion of the device stationary. A function generator (DS345, Stanford Research Systems, Sunnyvale, CA) was used to generate a ramp-up, hold, and ramp-down function. The voltage output of the function generator was input to a controller (Nano-Drive, Mad City Labs) used to drive the piezo stage. The fixed portion of the device was moved together with the piezo stage from a displacement of 0 to~6 mm in 1 s, held at the maximum displacement for 300 s, and then returned to zero displacement in 1 s. This protocol was repeated twice for a total of three tests per specimen with a resting time of 100 min between tests. A 60Â water immersion objective lens (Fluor 60Â, Nikon, Tokyo, Japan) was used to visualize the devices in PBS buffer using dark-field illumination. A digital camera (Micropublisher 3.3 RTV, QImaging, Surrey, British Columbia, Canada) was used to capture images at a frame rate of~2 frames/s while the specimens were being stretched invitro at room temperature (20-25 C) . The relative displacement between fixed and movable pads was controlled by the piezo stage and the sharp probe. The total displacement of the MEMS device was equal to the sum of the fibril-specimen displacement and the force-gauge displacement (i.e., d total ¼ d fibril specimen þ d force gauge ). There was no way to independently control the displacement of the fibril specimen and the displacement of the force gauge (i.e., the applied force). Thus we did not have a pure displacement-control or force-control testing system. A pure creep test requires a constant stress applied on the specimen, whereas a pure stress relaxation test requires a constant strain applied on the specimen. Since we did not control the displacement and the force separately, the test performed in this study is a coupled creep and stress relaxation test instead of a pure creep or a pure stress relaxation test. Care was taken to ensure that the specimens did not dry by adding PBS droplets to the specimens every 30 min. During some of the tests, insufficient stability of the experimental set-up caused drift in the displacement before the strain was relieved after 300 s. In these cases, the data after drift began were discarded. In all cases shown below, at least 60 s of drift-free behavior was observed.
Stress-strain-time relationship
Elongation of the fibril specimen and deformation of the force gauge were obtained via digital image correlation as described previously (47) . Deformation of the force gauge was converted to force applied to the specimen using the force-displacement response of the force-gauge beams obtained via finite-element analysis. SEM (Hitachi S4500, Japan) was used to record radial and axial lengths needed to obtain the cross-sectional area (A 0 ) and the initial gauge length (l 0 ), respectively. All specimens were sputter-coated with~5 nm of palladium before SEM observation. Fig. 1 b shows a fibril specimen spanned across the movable and fixed pads of a MEMS device. Since the sputter-coating and SEM imaging were done after the mechanical testing was finished, these procedures did not influence the measured viscoelastic properties of the fibrils. However, we expected fibrils to dehydrate in the SEM vacuum chamber resulting in aberrantly small radial measurements. We showed in a previous study that the fibril diameter in vitro is 2.20 times larger than that in vacuo using SEM and AFM (47) . In this work, we corrected the SEM-measured in vacuo fibril diameter by multiplying by this factor of 2.20. The nominal stress (s) is obtained by dividing the applied force (F) by the initial cross-sectional area (A 0 ), s ¼ F=A o . The engineering strain (3) is obtained by dividing the measured change in length (d) by the initial gauge length (l 0 ), 3 ¼ d=l 0 . The time of collection for each image was obtained by multiplying the image number with the time interval between two adjacent images. Thus, nominal stress versus time and engineering strain versus time curves were obtained.
A constitutive model: the Maxwell-Weichert model
Viscoelastic properties, in particular elastic modulus and relaxation times, were obtained by fitting the stress-strain-time data with the MaxwellWeichert phenomenological model. The simplest version of the model consists of two Maxwell elements (a spring in series with a dashpot) in parallel with an additional spring, as shown in Fig. 2 . The motivation for its use is that it is associated with two distinct relaxation times; models with a single relaxation time were found to be insufficient to accurately fit the experimental measurements. The relaxation modulus as a function of time for the Maxwell-Weichert model can be expressed as
where E 0 is the time-independent elastic modulus, and the relaxation time t i of each Maxwell element is equal to the coefficient of viscosity of the dashpot, h i , divided by the elastic modulus of the spring, E i . Our experiment is neither a pure creep (constant stress) nor a pure stress relaxation (constant strain) test, but the relaxation modulus can be determined at all times, since both stress and strain are measured experimentally. The three elastic moduli (E 0 , E 1 , and E 2 ) and the two relaxation times (t 1 and t 2 ) were used as fitting parameters to perform a least-squares fit of the data. Equation 1 was derived assuming the strain rate after application of the load was zero, which is not strictly true in these tests, although the average strain rates of z0.0002 s À1 are very low. More specifically, the derivation assumes that the strain rate times the elastic modulus of the Maxwell elements is small compared to the stress change rate (ds i /dt >> E i d3 i /dt). For the fibril tests presented here, at short times, the stress change rate of the faster responding Maxwell element is >10 times greater than the strain rate times the elastic modulus (ds 1 /dt > 10 Â E 1 d3/dt), and at long times, the same is true of the slower-responding Maxwell element (ds 2 /dt > 10 Â E 2 d3/dt). Therefore, we consider Eq. 1 to be a reasonable approximation of the fibril behavior measured in this study. 
RESULTS
Stress-strain-time relationship of collagen fibril specimens
In vitro coupled creep and stress relaxation tests were performed on eight collagen fibril specimens. The in vacuo measured specimen diameters ranged from 100 nm to 260 nm. To account for swelling due to hydration, the in vacuo diameter was enlarged 2.20 times to obtain the in vitro diameter range of 220-570 nm, similar to that obtained in our previous in vitro fracture tests (210-450 nm) (47) . The gauge lengths ranged from 9.5 to 10.6 mm. Each specimen was stretched to an initial strain between 14% and 30% (mean 5 SD ¼ 21% 5 4%). This range in the initial strains existed for two reasons. First, each specimen had a different gauge length determined by the spacing between the epoxy droplets holding the test specimen down. Second, the deformation of each specimen was different due to the fact that we did not have a displacement-control experimental set-up. Fig. 3 displays the mechanical response of a representative collagen fibril specimen during a coupled creep and stress relaxation test. Error bars indicate the measurement uncertainties. In Fig. 3 a, it can be seen that the nominal stress initially had a rapid relaxation rate, which reduced in time such that the overall relaxation tended toward an asymptotic equilibrium level, which was similar to typical stress relaxation behavior. Fig. 3 b shows that the engineering strain of the fibril specimen increased rapidly at the beginning of the test and gradually reached a plateau similar to typical creep behavior, consisting of a primary creep (which starts with a rapid strain rate and slows with time) and a secondary creep (which has a relatively uniform strain rate). Both the stress versus time and strain versus time curves indicated that the collagen fibril specimen was viscoelastic.
Viscoelastic properties obtained from the data using the Maxwell-Weichert Model Fig. 4 shows the relaxation modulus versus time curves of a fibril specimen that was tested three times. The fitted curves agreed well with the experimentally measured data, with R 2 > 0.96. However, the common tertiary creep (accelerating strain rate) and creep rupture were not observed. The reason is probably that we did not have a pure creep test at a constant stress, meaning the stress decreased as the strain increased. Therefore, the specimens had chances to relax and they never experienced the tertiary creep and creep rupture. It is clear that any damage accumulated during creep (with an initial strain up to 30%) was not enough to rupture the fibril specimens. The relaxation modulus-time curve (Fig. 4) shows that the relaxation behavior was greatest during the first few seconds, reaching >50% of the change recorded at 100 s within the first 10 s.
Comparison of viscoelastic properties of collagen-fibril specimens obtained in three tests Table 1 lists the viscoelastic parameters enumerated in Eq. 1. Fig. 5 shows whether or not these parameters changed with each subsequent test. The elastic modulus and viscous parameters are plotted in Fig. 5 , a and b, respectively. The percentage differences of any two of the three tests, X&Y, is equal to testY À testX=testX Â 100%, where X&Y could be test 1&2, test 1&3, or test 2&3. The error bars indicate one standard deviation. A paired Student's t-test was used to compare the mechanical properties obtained on these eight fibril specimens in three rounds of tests. Fig. 5 a shows that the time-independent elastic moduli (E 0 ) obtained in test 2 and test 3 were significantly lower than those obtained in test 1 (p < 0.001). The fast relaxation component of the modulus (E 1 ) was also significantly lower in the third test than in the first test (p < 0.001). There was no significant difference in either the time-independent or the time-dependent moduli between tests 2 and 3. Furthermore, there was no statistically significant difference in the slow relaxation component of the modulus (E 2 ) (Fig. 5 a) or the relaxation times (t 1 and t 2 ) among the three tests (Fig. 5 b) .
DISCUSSION
Viscoelastic properties obtained from the data using the Maxwell-Weichert model
In summary, the stress versus time, strain versus time, and relaxation modulus versus time curves obtained in this study all suggest that isolated collagen-fibril specimens are intrinsically viscoelastic. This finding agrees well with an AFM-based study (48) that demonstrated the strain-ratedependent viscoelastic behavior of single human patellar tendon fibrils.
Elastic modulus
The time-independent elastic modulus, E 0 , of the fibril specimens measured on the first pull was 140 5 50 MPa (80-250 MPa). This fell within the range measured in our (47), although it was toward the lower end. In our previous study, in which we slowly strained each fibril to failure, we saw strain-dependent modulus-reducing behavior. Our results here and in the previous study are consistent with the notion that our initial strain of~20% in the time-dependent tests took us into this reducedmodulus region. Thus, our reported value here is likely some combination of the high initial slope and the lower subsequent slopes measured previously.
The value of 140 MPa we report here also agrees within a factor of 3 with a recent multiscale model of collagenfibril mechanics (52) . However, in that model, the stressstrain curve shows nonlinear strain-hardening. Our 20% strain should have placed us in the high-strain region of the modeled curve showing a modulus closer to 2 GPa rather than the low-strain-modeled modulus of~300 MPa. It is possible that the multiscale model does not include all of the time-dependent behavior of the collagen fibril. The model showed equilibration after 20 ns, whereas we found time-dependent behavior in the 1-100 s range.
The fitted value for E 0 fell by~15% after the first test but did not significantly fall after this. This indicates that damage that occurred upon the first pull lowered the stiffness of the fibril, similar to the result we reported previously using similar MEMS devices to cyclically load collagen fibrils (46) .
Relaxation time
Fits to our data clearly showed that more than one time constant was needed to model the data. The simplest model that gave good fits had two time constants with a fast time response around 10 s and a slow time response around 100 s.
The spread in the viscoelastic properties obtained in the coupled creep and stress relaxation test is relatively large. This variability can be attributed to two factors. First, a limited number of specimens were tested due to the difficulty in performing these experiments. Second, interspecimen variability may be present due to different cross-link densities, fibril geometries, and packing configurations of molecules within the fibrils.
Comparison of viscoelastic properties of collagen-fibril specimens obtained in three tests
The three sequential tests we performed on each fibril allowed us to determine the effect of stress-strain history on the viscoelastic properties of collagen fibril specimens. As shown in Fig. 5 a, the elastic modulus is always higher in the first test than in subsequent tests. This agrees well with our previous in-air tensile tests (46) , indicating that something unique happens during the first load that affects the elastic modulus. The other two findings, including 1), no significant difference in the elastic modulus between test 2 and test 3, and 2), no significant difference in the relaxation time among three tests, indicate that these mechanical parameters are not changed irreversibly as a consequence of the first load/unload cycle. This is important for future experiments that aim to test the effects of further treatments such as cross-linking and/or mineralization on fibril Summary of the constitutive parameters, as defined in Eq. 1, including the time-independent elastic modulus, E 0 , characteristic modulus-and-relaxation-time pairs for a fast-response element, E 1 , t 1 , and a slow-response element, E 2 , t 2 , and the goodness-of-fit parameter for the fitted curves, R
2
. Each value is listed as a mean 5 SD with the total range of values in parentheses.
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Possible mechanisms of the viscoelastic behavior of isolated collagen-fibril specimens
Viscoelasticity of soft tissues has been attributed to ''the friction created by the relationships that exist between collagen fiber and the other matrix components, as well as the friction resulting from the movement of water between these components'' (16) . What is the cause of the viscoelastic behavior of a single collagen fibril? We propose that molecular rearrangement of collagen molecules and water molecules provide the mechanism for viscoelastic behavior of single collagen fibrils. When a stress is applied to a fibril, the collagen and water molecules inside the fibril could rearrange in a few different ways. First, the collagen molecules themselves may unwind and straighten. Second, the collagen molecules may slide with respect to one another. Third, the water molecules surrounding the collagen molecules may rotate, translate within the fibril, or be expelled from the fibril, resulting in rearrangement of the water network. Thus, these water rearrangements may occur anywhere from the 0.5-nm lengthscale (radial collagen molecule spacing within the fibril) up to the 100-nm lengthscale (fibril diameter). It may be possible to use Raman spectroscopy to measure energetic changes related to these water rearrangements (53, 54) . These rearrangements could create a back stress in the fibril. When the magnitude of this back stress equals that of the applied stress, the fibril no longer creeps. When the applied stress is taken away, the accumulated back stress causes the collagen molecules and water molecules within the fibril to rearrange. This process is repeatable as our results show that the relaxation-modulus-time curves obtained in the second and third tests were similar to that of the first test.
Comparison with other collagenous structures (i.e., tissues and collagen molecules)
At the tissue level, Fung's QLV model (29, 30) is widely used to describe the viscoelastic response of many collagenous tissues. In the QLV model, stress is defined as the convolution of the time-dependent reduced relaxation function, G(t), with the time derivative of the instantaneous elastic stress function, s e . Using the QLV model, sheep flexor tendons were shown to have a short relaxation time of~2 s and a long relaxation time of~1500 s (11) . In a similar way, goat femur-medial-collateral-ligament-tibia complexes were shown to have a short relaxation time of 2 s and a long relaxation time of~2200 s (19) .
At the fibrillar level, we showed that the viscoelastic response is well described using a five-element linear viscoelastic constitutive model, the Maxwell-Weichert model. Compared to the long relaxation time of soft tissues (1500-2200 s) obtained using Fung's QLV model, the long relaxation time of a single fibril (~100 s) is an order of magnitude smaller. The short relaxation time of the single isolated fibril is, conversely, three to four times longer than the bulk tissue. This is hard to explain based on first principles and may be more an artifact of the phenomenological fitting. Another possibility is that the differences in time behavior arise from differences in tissue source. We have further tests planned using mammalian tendon tissue that will remove the uncertainty related to fibril source. Given the data in hand at this point and assuming that model type and tissue source are not sufficient to explain an order-of-magnitude difference in relaxation time, our results suggest that the relaxation time of whole tissues is determined by components other than the collagen fibrils, most likely the ground substance (i.e., proteoglycans). This finding agrees well with a previous stress relaxation study on the mitral valve anterior leaflet (23) . Using a single exponential model, it showed that the time constant for the reduction in collagen fibril strain was 8.3 min, which was smaller than the tissue-level stress relaxation time constants of 22.0 and 16.9 min in the circumferential and radial directions, respectively. The collagen fibril strain was determined by small angle x-ray scattering and was an average response of thousands of fibrils rather than the response of single fibrils. Also, the fact that the fibrils were embedded in a proteoglycan matrix may have prevented them from relaxing according to their native viscosity. This may explain the longer (8.3-min) relaxation time of the whole tissue compared with our isolated fibrils (100 s). In a more general sense, the trend that the fibrillar relaxation time is smaller than the tissue-level relaxation time agrees with our results. FIGURE 5 Comparison of viscoelastic properties of collagen-fibril specimens obtained in three tests, including the elastic modulus (a), and the relaxation time (b). The percentage difference of tests X&Y is equal to testY À testX=testX Â 100%, where X&Y could be 1&2, 1&3, or 2&3. The standard derivation is indicated by the error bar. A paired Student's t-test showed that the elastic moduli obtained in tests 2 and 3 were significantly lower (*p < 0.001) than those obtained in test 1, whereas no significant difference was found between the elastic moduli obtained in tests 2 and 3. Furthermore, there was no statistically significant difference in the relaxation time among the three tests.
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At the molecular level, molecular dynamic simulation studies showed that the relaxation time of a single collagen molecule is on the order of nanoseconds (55, 56) . Recall that the relaxation time of a single collagen fibril is on the order of 10 s, as shown in this study, and the relaxation time of collagenous tissues is on the order of 1000 s. There seems to be a trend that the larger the hierarchical level of the collagenous structure, the longer the relaxation time becomes.
SUMMARY
We performed in vitro coupled creep and stress relaxation tests on type I collagen-fibril specimens using MEMS devices. The results suggest that isolated collagen fibrils are intrinsically viscoelastic. Using a simple Maxwell-Weichert model to fit the experimental data, we found a timeindependent elastic modulus of 140 5 50 MPa upon initial loading to~20% strain. Subsequent loads showed a drop tõ 115 5 41 MPa. Time-dependent behavior was well fit using a two-time-constant model with a fast relaxation time of 7 5 2 s and a long relaxation time of 102 5 5 s. To our knowledge, this is the first time that the relaxation times of isolated collagen fibrils have been measured. The long relaxation time of isolated fibrils is an order of magnitude shorter than the long relaxation time of tendons and ligaments determined by Fung's QLV model. This is consistent with collagen fibrils contributing a fast viscoelastic behavior to collagenous tissues, with other tissue components providing the longer-duration viscous behavior. Paired Student's t-tests show that the collagen-fibril specimens displayed statistically higher elastic moduli during the first load compared to subsequent loads. No significant difference was found between the second and third load cycles. Furthermore, there was no statistically significant difference in the relaxation time among the three tests. This suggests that loading/unloading the fibrils twice is enough to achieve repeatable mechanical response, and may serve as a preconditioning procedure in future studies whose aim is to investigate the effects of treatments such as cross-linking and mineralization.
